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ABSTRACT
Using the 1.4 GHz Australia Telescope Large Area Survey (ATLAS), supplemented with the 1.4 GHz
Very Large Array images, we undertook a search for bent-tailed (BT) radio galaxies in the Chandra
Deep Field-South (CDFS). Here we present a catalog of 56 detections, which include 45 bent-tailed
sources, four diffuse low-surface-brightness objects (one relic, two halos, and one unclassified object),
and a further seven complex, multi-component sources. We report BT sources with rest-frame powers
in the range 1022 ≤ P1.4 GHz ≤ 1026 W Hz−1, redshifts up to 2 and linear extents from tens of kpc
up to about one Mpc. This is the first systematic study of such sources down to such low powers and
high redshifts and demonstrates the complementary nature of searches in deep, limited area surveys as
compared to shallower, large surveys. Of the sources presented here one is the most distant bent-tailed
source yet detected at a redshift of 2.1688. Two of the sources are found to be associated with known
clusters: a wide-angle tail source in Abell 3141 and a putative radio relic which appears at the infall
region between the galaxy group MZ 00108 and the galaxy cluster AMPCC 40. Further observations
are required to confirm the relic detection, which if successful would demonstrate this to be the least
powerful relic yet seen with P1.4 GHz = 9 × 1022 W Hz−1. Using these data we predict future 1.4
GHz all-sky surveys with a resolution of ∼ 10 arcseconds and sensitivity of 10 µJy will detect of the
order of 560,000 extended low-surface-brightness radio sources of which 440,000 will have a bent-tailed
morphology.
Subject headings: surveys; radio continuum: galaxies; galaxies: active; galaxies: jets
1. INTRODUCTION
Radio galaxies have long been known to display a wide
range of structures, from the classic double lobed sources,
to more complex twisted morphologies of tailed radio
galaxies. For the last 40 years, radio galaxies have been
divided based on morphology and power into Fanaroff-
Riley Class I (FRI) and Class II (FRII) sources (Fa-
naroff & Riley 1974). FRIIs are powerful radio galax-
ies with strong, linear jets which terminate in hotspots
surrounded by large radio lobes, whereas fainter core-
dominates sources with less efficient jets are known as
FRIs. The boundary between these two classes is often
stated to be a function of environment (Rudnick & Owen
1976) as demonstrated by the fact that the FRI/FRII
transition in more massive galaxies happens at higher lu-
minosity (Ledlow & Owen 1996). At the transition lumi-
nosity for these two classes are the so-called ‘Wide-Angle
Tail’ (WAT) and ‘Narrow-Angle Tail’ (NAT) radio galax-
ies. Typically found in dense environments, WATs and
NATs are morphologically FRI radio sources but with lu-
minosities which place them close to the FRII transition.
WATs are usually associated with central cluster galaxies
possessing a pair of well-collimated jets with low open-
ing angles (≤ 60◦) which persist for up to tens of kpc
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before flaring out into long, bent plumes. Conversely,
NATs, also known as Head-Tail (HT) galaxies (Miley et
al. 1972), have plumes which are bent to such a degree
that their whole radio structure lies on one side of the op-
tical host galaxy. Projection effects make the distinction
between WATs and NATs somewhat arbitrary1 and the
term precludes some of the more twisted and complex
morphologies that have recently been observed. Recent
literature has adopted the term ‘Bent-Tailed’ (BT) galax-
ies to encompass all sources in which the radio lobes and
jets are not aligned linearly with the core galaxy.
BT radio galaxies are found almost exclusively in high
density regions of the local Universe (z < 0.1), i.e., galaxy
groups and clusters (Mao et al. 2009). BT radio galax-
ies’ peculiar morphology is commonly believed to be the
result of the ram pressure due to the relative movement
of the galaxy through the intra-cluster/group medium
(Gunn & Gott 1972; Miley et al. 1972). An alternative
explanation of the curved radio structure is the buoy-
ancy forces due to deviations in the density of the intra-
galactic medium, which is in an interaction with the
intra-cluster medium (Cowie & McKee 1975).
In the more distant Universe, BT radio galaxies are
believed to be the signature of overdensities in large-scale
1 A WAT seen edge on will appear as a NAT.
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structure, with associations between BTs and groups and
clusters occurring out to at least z ∼ 1 (Blanton et al.
2003). Furthermore, there is a growing evidence that
such associations persist out to the limits of both cluster
and BT radio galaxy detections at z ∼ 2 (Dehghan et al.
2011), making BTs excellent tools to trace the large-scale
structures in the distant Universe (Blanton et al. 2003;
Mao et al. 2010; Norris et al. 2013).
In order to assess the usability of BT sources as trac-
ers of over-densities, systematic studies of such sources as
a function of environment are required. This in turn re-
quires multi-wavelength data to both detect radio sources
and then undertake a full assessment of the environment
in which they reside. The first such effort in this direction
was undertaken by Blanton et al. (2001) on a sample of
40 large BTs within a 724 deg2 area of the sky and with
bright optical counterparts (mR ≤ 19). A more recent
work has been to examine the environment of a sample of
BT sources drawn from 9000 deg2 of the Faint Images of
the Radio Sky at Twenty Centimeters (FIRST, Becker et
al. 1995) survey (Wing & Blanton 2011). Wing & Blan-
ton (2011) found that ∼ 80% and 67% from a visually-
selected sample of BTs (up to z ∼ 0.5) are located within
clusters or groups, and rich clusters, respectively. Using
surveys such as FIRST allows detection of BT sources
over a wide area with good resolution (∼ 5′′), but with
a relatively shallow sensitivity in the radio (∼ 150 µJy)
meaning that exploration of the population is typically
confined to redshifts less than 0.5 (Wing & Blanton 2011
report only 9 BT sources with z between 0.5 and 0.68,
and none beyond z = 0.68) and sources with radio pow-
ers in excess of P1.4 GHz ≥ 4×1023 W Hz−1 with the vast
majority of sources having powers above P1.4 GHz ≥ 1024
W Hz−1.
An alternative approach is to undertake a study of
a smaller area with greater radio sensitivity. Such an
approach will produce complementary data as deep ra-
dio surveys are able to probe the BT population to
higher redshifts. Additionally, focus on smaller areas al-
lows selection of regions with considerably more multi-
wavelength coverage, necessary for exploring a wider
range of environmental parameters.
Here we present a catalog of 56 extended radio sources
detected by examining the 4 deg2 area of the Australia
Telescope Large Area Survey (ATLAS) associated with
Chandra Deep Field-South (CDFS). The radio image has
a resolution of about 17′′×7′′ (Norris et al. 2006; Franzen
et al. in prep.), making it similar to FIRST, but reaches
a depth of 15 µJy, allowing the exploration of a signif-
icantly fainter population. The sample includes 45 BT
radio galaxies, of which 12 were previously identified by
Mao et al. (2010) and Dehghan et al. (2011). The ATLAS
data were supplemented over part of the field covering
the Extended CDFS (ECDFS) with 2′′ resolution Very
Large Array (VLA) data (second data release, Miller et
al. 2013). The CDFS field is located in the South Galac-
tic Hole, and a large number of deep multi-wavelength
observations cover this field, including optical, near in-
frared, and Chandra/XMM-Newton X-ray observations.
These multi-wavelength data along with this sample of
extended radio sources provide a unique opportunity for
future studies on the evolution and morphology of BT
radio galaxies and other extragalactic extended radio
sources, within a wide range of redshifts.
The paper is laid out as follows: section 2 discusses
the radio, optical, and spectroscopic data used in this
work. In Section 3, we present the results, including the
detected sources and their properties. We summarize
our work and discuss implications for future surveys in
Section 4. Throughout this paper, we assumed a stan-
dard Lambda-CDM model, with H0 = 71 km s
−1Mpc−1,
Ωm = 0.27, and ΩΛ = 0.73.
2. DATA
Radio data were provided by the first and third ATLAS
data release, with about 17′′×7′′ resolution at 1.4GHz
over the 4 deg2 field surrounding the ECDFS (Norris et
al. 2006; Franzen et al. in prep.). The rms noise in the
first release ATLAS image varies from ∼ 20 µJy in the
low noise regions to ∼ 1 mJy near the edges of the field,
whereas the rms level in the third release is consider-
ably improved (∼ 15 µJy), allowing 42 new BT detec-
tions in the field as compared to Dehghan et al. (2011),
who only assessed the first data release. Additionally, we
used 2 arcsecond resolution VLA data with depth of 10
µJy/beam over the ECDFS, which covers a small por-
tion of the ATLAS field with ∼ 0.3 deg2 area (Miller
et al. 2013). This was supplemented with the extended
VLA image, which covers the regions outside the final
VLA-ECDFS field.
The ATLAS field was chosen to cover the Spitzer Wide-
Area Infrared Extragalactic (SWIRE, Lonsdale et al.
2003) regions, in order to provide the optical identifica-
tion (Norris et al. 2006). In addition to SWIRE survey
data, we used the 495−584 nm image of the Deep2c field
of the Garching-Bonn Deep Survey (GaBoDS, WFI Data
Release: Version 1.0, Hildebrandt et al. 2006; Erben et
al. 2005)2.
Spectroscopic redshifts of all radio objects of inter-
est were extracted from the following sources: the ESO
Nearby Abell Cluster Survey (ENACS, Katgert et al.
1998), the 2dF Galaxy Redshift Survey (2dFGRS, Col-
less et al. 2003), the Balloon-borne Large Aperture Sub-
millimeter Telescope (BLAST, Eales et al. 2009) survey,
and Mao et al. (2012). In addition, where spectroscopic
redshifts were not available in the literature, we used pho-
tometric redshifts extracted from the Multiwavelength
Survey by Yale-Chile (MUSYC, Cardamone et al. 2010)
and the Classifying Objects by Medium-Band Observa-
tions in 17 filters (COMBO-17, Wolf et al. 2004).
3. RESULTS
There are ∼ 3079 radio sources above the 5σ level in
the ATLAS-CDFS catalog of detected sources, includ-
ing both Active Galactic Nuclei (AGN) and star forming
galaxies (Franzen et al. in prep.; Banfield et al. in prep.).
We detected 56 extended radio sources by visually in-
specting over ∼ 4 deg2 area of the field.
Our criteria for detection included:
1. Sources with an extent greater than 1.5 times the
synthesized beam.
2. Sources either with any misalignment throughout
the radio structure and the host AGN, or with non-
2 Based on data obtained from the ESO Science Archive Facility
under request number SDEHGHAN173380.
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Figure 1. Map of the ATLAS-CDFS field (third data release) showing the location of detected halos, relics, complex and bent-tail radio
sources. The red box shows the extent of the ATLAS-CDFS first data release. The blue dashed-line frame represents the extent of the final
VLA-ECDFS image. ID numbers correspond to Figure 2 and Table 2.
symmetrical radio structures with respect to the
host galaxy.
3. Additionally, in order to include possible radio
halo and relic candidates, we included all the low-
surface-brightness radio sources without distinctive
radio lobes or optical counterparts in our catalog.
The detected sources include 45 BTs and a radio relic
candidate. A further 9 sources could not be unambigu-
ously classified, and have a variety of possible interpre-
tations including two possible radio halos. The distri-
bution of the detected sources in the field are shown in
Figure 1, along with the ATLAS 1st & 3rd data release
and the VLA-ECDFS areas. VLA postage stamps for
four sources just outside the published ECDFS were also
included (IDs 7, 8, 13, and 14). Figure 2 shows the radio
structure of the detected sources based on the VLA data
in red, ATLAS first data release in blue, and the AT-
LAS third data release in green contours overlaid on the
SWIRE or GaBoDS optical images. The detected BTs
were matched with optical counterparts and their red-
shifts were obtained from the literature, where available.
We present the properties of the detected sources includ-
ing the ATLAS ID, name, J2000 coordinates, redshift of
the core galaxy, 1.4 GHz flux and rest-frame power, ex-
tent, and classification, in Table 2. In order to calculate
the rest-frame power, we adopted a spectral index, α, of
-0.8 and employed the following equation3:
L1.4 GHz =
4piD2L(z)
(1 + z)
1−αS1.4 GHz.
3.1. Source Morphology
Sources displayed a variety of morphologies within the
BT range. In particular, 9 were classified as WATs, 18
as NATs, and 10 have more complex morphologies. As
expected, the radio powers (down to 1022 W Hz−1) for
the sources presented here probe a lower regime than
previous works, and the detected redshift range of the
sources extends up to z ∼ 2.
Here we discuss the morphologies of some of the more
intriguing sources:
3 We use the convention S ∝ αν .
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Figure 2. Detected sources in the ATLAS-CDFS field. Radio structure of the detected sources based on 1.4 GHz ATLAS first and third
data releases along with VLA data, respectively shown with blue, green, and red contours, overlaid on optical images extracted from the
SWIRE survey or GaBoDS. Radio contours start at three times the local rms value in the image and increase at intervals of
√
2. The
IDs shown in the top left of each sub-image refer to Table 2. Labels shown in the top right of the sub-images represent the morphological
classification of the sources; B, W, N, R, and U correspond to BT, WAT, NAT, radio relic, and unclassified or ambiguously classified
sources, respectively.
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Figure 2. Detected sources in the ATLAS-CDFS field – Continued
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Figure 2. Detected sources in the ATLAS-CDFS field – Continued
ID 05 or S707 in the ATLAS catalog, is the largest de-
tected source in our sample, with an extent of over 877
kpc. The optical identification of this BT radio galaxy
shows a possible close companion at ∼ 5′′, which corre-
sponds to a projected distance of ∼ 37 kpc at z=0.7406.
The radio structure represents roughly a 90◦ bend in the
southern plume, while the northern plume appears to
be featureless aside from two hotspot regions lined up
with the host galaxy. Note that the detection of the low-
surface-brightness regions toward the southern lobe was
only made possible by the significantly improved sensi-
tivity of the third data release of the ATLAS.
ID 08 or S409 in the ATLAS catalog, already detected
by Mao et al. (2010), has a remarkable radio structure
with prominent, highly bent radio tails. The morphol-
ogy of the tails in this HT galaxy may indicate a chaotic
and turbulent intra-cluster medium, which is interacting
with the radio lobes. The high resolution VLA data rep-
resents a similar complex structure of hotspots, kinks,
and curvatures within both lobes.
ID 11 with an overall S-shaped radio morphology is a
classic BT radio galaxy. The features of the jets and lobes
in ID 11 are relatively resolved out, since it is located on
the noisy verge of the ATLAS field. In order to verify
the detection and morphology of ID 11, we employed the
data from the NRAO VLA Sky Survey (NVSS, Condon
et al. 1998). For a better comparison between the AT-
LAS and NVSS images we convolved the ATLAS image
with a Gaussian with full width at half maximum simi-
lar to the resolution of the NVSS image (45′′). The top
panel of Figure 3 shows the radio structure of ID 11 de-
tected via the ATLAS data with green, NVSS data with
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Figure 3. Top panel: the comparative radio structure of ID 11
detected via the ATLAS data and the NVSS data. The radio con-
tours based on the ATLAS, convolved ATLAS, and VLA data are
shown with the green solid, red dashed, and blue dotted contours,
respectively. The black circles represent the galaxy members of the
Abell 3141 cluster. Bottom left panel: the spatial distribution of
galaxies in the galaxy cluster Abell 3141. The approximate extent
of Abell 3141 is shown by a circle with the Abell radius (∼ 1.87
Mpc). The location of ID 11 is shown by a blue cross. Bottom
right panel: the redshift distribution of galaxies within ∼ 15′ of ID
11. The blue dashed line represents the redshift location of the BT
in the Abell 3141 cluster. The data were extracted from the 2dF-
GRS (Colless et al. 2003) and the Southern Abell Redshift Survey
(SARS, Way et al. 2005).
blue, and convolved ATLAS data with red contours.
The source, with z=0.1013, is accompanied by a satel-
lite galaxy at z=0.1009 corresponding to a projected dis-
tance of ∼ 50 kpc. The binary system lies within the
Abell radius of the galaxy cluster Abell 3141 which has a
mean redshift of 0.1058 (Struble & Rood 1999). The off-
center position of ID 11 in both the spatial and redshift
distributions of the cluster, along with the disturbed and
elongated spatial distribution of Abell 3141 may be in-
dicative of a possible merger process in the cluster (see
the bottom panel of Figure 3). However, further spec-
troscopic data is required for a decent structure analysis.
It is worthwhile to note that the S-shape structure of
the lobes in ID 11 may be the result of the host galaxy’s
orbital motion due to its companion along with its rela-
tive movement through the ICM. In fact, previous stud-
ies of BTs have suggested a close companion is typically
present (Rose 1982; Mao et al. 2009) and recent detailed
modelling of a similar large BT shows how such a mor-
phology can be produced (Pratley et al. 2013).
ID 12 or S376 in the ATLAS catalog is a BT radio
galaxy with about a 90◦ opening angle (a classical WAT).
ID 12 with 21′′ extension, which corresponds to about
170 kpc at photometric redshift of 1.04, superimposed
on a compact population of galaxies in the optical image.
Note that the detection of ID 12 was only made possible
by employing the 2′′ resolution VLA data.
ID 13 or S291 in the ATLAS survey is an asymmet-
ric BT with a redshift of 0.3382 and an extent of 130
kpc, which is smaller than the average length of BTs. It
appears to be a weak radio galaxy in the early stage of
evolution to a BT. ID 13 represents a straight and fea-
tureless structure with a single bend towards the tail-end
of the eastern jet.
ID 21 has a complicated multiple-component radio
structure, including four major segments, of which two
are associated with optical identifications. Current radio
data are insufficient to support a plausible scenario in
order to classify ID 21.
ID 24 or S447 has a peculiar radio structure consist-
ing of four radio components with an overall 1.4 GHz
rest-frame power of 5.98 ×1026 W Hz−1. As stated in
Miller et al. (2013), the north-eastern component coin-
cides with an optical ID and appears to be a single sepa-
rate source in the high resolution VLA image. Although
ID 24 may not be unambiguously classified as a BT, it
appears to consist of a core galaxy with a pair of lobes
to the north and south, of which the latter undergoes a
diffuse 90◦ bend. ID 24, which was reported the farthest
such source ever detected in Dehghan et al. (2011), has a
central component identified with an optical counterpart
located at z=1.9552. The discovery of ID 24 along with
ID 52, at z=2.1688, extends the existence of distorted
radio sources as far back as the formation of galaxy clus-
ters, which adds a valuable clue to the mutual evolution
hypothesis.
ID 32 or S024, as reported in previous works (Mao et
al. 2010; Dehghan et al. 2011), exhibits a clear emission
cut-off between the host galaxy and two radio lobes. In
addition to the significant radio emission from the lobes,
a faint radio component is evident surrounding the core
galaxy. This emission along with a putative companion
within the host galaxy’s halo, may be indicative of an
AGN with recurrent jet activity, considering that close
companions are believed to be the principal trigger for
the AGN and radio activity (Koss et al. 2010).
ID 38 includes two significant radio components. Al-
though ID 38 may be classified as a single BT radio
galaxy with an optically faint core galaxy located at the
midpoint of the two intensity peaks, a more likely sce-
nario is that it consists of two separate sources, consider-
ing that the northern peak has an optical counterpart at
its center. Furthermore, the southern component with a
diffuse structure is superimposed on a compact popula-
tion of galaxies, making it a conceivable candidate for a
radio halo at the center of a presumptive cluster. Deeper
radio observations and spectroscopic data are required
to clarify whether the southern component of ID 38 is
indeed a radio halo.
ID 42 consists of four major radio components, each
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Figure 4. Spatial distribution of galaxies surrounding ID 53, in-
cluding the galaxy cluster APMCC 40 and galaxy group MZ 00108.
Blue circles represent galaxies within redshift range 0.145 ≤ z ≤
0.165. The approximate extent of the APMCC 40 cluster is shown
by a circle with the Abell radius. The cross marks the location of
ID 53.
of which coincides with at least one optical counterpart.
The central radio component may be ambiguously classi-
fied as a BT galaxy with one significant right-angle twist
towards the south, where it is concomitant with another
galaxy. The remaining radio components may be sepa-
rate radio galaxies, irrelevant to the central BT source,
or in an alternative scenario, all or part of the radio
emission may correspond to a radio halo within a pre-
sumptive galaxy cluster. Supplementary spectroscopic
data along with deep radio observations are required to
verify whether a radio halo is subject in this multiple-
component radio source.
ID 52 or S306 in the ATLAS survey is a BT radio
galaxy with an optical counterpart located at z=2.1688,
making it the farthest BT galaxy discovered to date. The
tail of ID 52 with three hotspot regions extends to ∼ 104
arcseconds, which corresponds to over 870 kpc at the host
galaxy’s redshift. Note that the ID 52 continuous tail is
only visible in the third data release of ATLAS given the
improved signal to noise ratio. Alternatively, ID 52 may
consist of two unique sources, considering that one of
the intensity peaks towards the north is associated with
an optical identification (MRSS 418-056517). Neverthe-
less, whether or not the latter scenario is the case, the
southern section is still classified as a BT radio galaxy.
ID 53 is a very faint radio source with an irregular
radio morphology, which is not optically coincident with
any galaxy. However, there are two galaxies in the vicin-
ity of ID 53, at z=0.1518 and 0.1529, which are within
the Abell radius of the APMCC 401 galaxy cluster with
a mean redshift of 0.1500, located at the north-west of
the radio source (see Figure 4). In addition to APMCC
401, the galaxy group MZ 00108, with a mean redshift
of 0.1511, is located towards the south-east of ID 53. ID
53 appears to be positioned at a location in the middle
of the cluster and group, where possible merger shocks
are expected (Miniati et al. 2001). This overall picture
makes ID 53 a plausible candidate for a radio relic. Sim-
ilar size relics are known in Abell 4038, Abell 85 and
Abell 133 (Slee et al. 2001), but with powers greater
than 2.5× 1024 W Hz−1. Further radio observations are
required to confirm this possibility, since ID 53 is lo-
cated at the edge of the ATLAS frame, where the rms
value is significantly higher (50 µJy). If ID 53 were con-
firmed as a relic, it would be the faintest yet detected
with P1.4 GHz ' 9× 1022 W Hz−1.
ID 55 or S441 in the ATLAS catalog, is a low power
(P1.4 GHz = 10
23 W Hz−1) BT galaxy with angular size of
56′′, which corresponds to ∼ 142 kpc at z=0.1466. This
radio galaxy coincides with a local density peak known
as Structure 6 at z=0.141 (Dehghan & Johnston-Hollitt
2014). Structure 6 is located at the north of a large arc-
shaped structure, which appears to extend further north,
where the HT galaxy ID 08 resides at redshift of 0.1469
(see Figure 2 of Dehghan & Johnston-Hollitt 2014). The
coincidence of ID 08 & 55 with a large-scale structure
may indicate that HT galaxies are reliable probes of over-
dense regions.
ID 56 or S446 in the ATLAS catalog, is a diffuse low-
surface-brightness radio source located at 85′′ south of ID
24 (the distant source S447). ID 56 is not identified with
any optical counterpart, thus, reliable classification is not
possible. However, assuming that ID 24 is located at the
center of a putative cluster at z=1.95, which contains
both ID 24 & 56, ID 56 may be a radio relic at a projected
distance of ∼ 720 kpc from the center of the hypothetical
cluster. Alternatively, the source may be classified as a
radio halo, though there is no galaxy population observed
in the GaBoDS optical image. The total 1.4 GHz flux
of the sources is only 0.38 mJy. Further low frequency
observation are required to properly classify ID 56.
3.2. Comparison with other studies
It is worthwhile to note that the detection of ∼ 80%
(44/56) of the sources would not be possible without
obtaining the third data release of ATLAS with an im-
proved rms value of a factor of 1.5-2 over the majority of
the field, depending on location. The left panel of Fig-
ure 5 plots the BT sources detected here as a function of
redshift and power with a comparison between detection
limits of the ATLAS (third data release) and the FIRST
survey used in Wing & Blanton (2011). Detection (6σ)
of at least 33% (8/24) of the sources is beyond the limits
of the FIRST survey. The ratio will likely be increased,
considering that FRI radio galaxies are often associated
with low-surface-brightness lobes with respect to the host
galaxy. Figure 5 also demonstrates that 46% (11/24) of
the sources presented here are below P1.4 GHz = 10
24
WHz−1 and thus probe a fainter population than other
studies. Finally, both panels of Figure 5 show that there
are a pair of powerful sources at redshifts ∼ 2. These
sources (ID 24 and 52) are discussed in Section 3.1 and
represent the most distant BTs ever detected. ID 24 in
particular (S447 in the ATLAS catalog) is a particularly
powerful object, worthy of further study.
In a comparative study of radio galaxies from the
NVSS in the southern hemisphere with the 6dFGS red-
shift survey, Mauch & Sadler (2007) examined the prop-
erties of 2864 AGNs. They found rest-frame radio pow-
ers up to 2.5× 1026 W Hz−1 with an average redshift of
0.073. For this work they assumed a spectral index of
−0.54± 0.07 derived from comparison of 288 radio loud
AGNs in the NVSS and Sydney University Molonglo Sky
Survey (SUMSS). Using the spectral index value of -0.54,
we measure the radio power of ID 24 and 52 to be 4.32
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Figure 5. Left panel: the rest-frame 1.4 GHz luminosity-redshift relation for the detected BTs. The blue line and black dashed lines
represent the 6σ source detection limit with the average rms of 30 and 150 µJy, respectively. Black dots represent the detected BTs in
the ATLAS-CDFS. Right panel: the extent-redshift relation for the detected BTs. The blue line, black dashed line, and red dash-dot line
represent the detection limit of the sources with an extent of 1.5 beams at 17, 7, & 2 arcseconds resolution, respectively. Black dots and
circles represent detected BTs, and sources which could not be classified as BTs without employing 2′′ resolution VLA data, respectively.
and 1.78 ×1026 W Hz−1, respectively, which lie within
the high-end of the radio power range reported by Mauch
& Sadler (2007), albeit for a lower average redshift pop-
ulation.
The right panel of Figure 5 shows a comparison be-
tween the detection limit of the ATLAS and VLA data
due to resolution. Detection of 50% (4/8) of the sources
in the ECDFS, three shown with circles in the right panel
of Figure 5, were only feasible by employing the 2′′ res-
olution VLA data. It is worth noting that a further in-
crease in resolution will likely result in some of these
sources being shown to be blended emission from multi-
ple radio galaxies. Additionally, two of the sources here
(ID 3 & 19) rely on extensions made visible in only one
3σ contour. While it is difficult to precisely estimate the
fraction of sources which will turn out to not be BTs in
future, experience from previous data suggests this will
be less than 1% (Thorat et al. 2013).
While ID 24 and 52 represent the extremes in terms of
power and size, this sample also extends down to sources
with sizes of the order of tens of kpc with 1.4 GHz rest
frame powers ∼ 1022 WHz−1. BT sources with simi-
lar powers and linear extents have previously been ob-
served to be associated with central dominant galaxies in
lower redshift (z < 0.1) clusters (Giacintucci et al. 2007).
Our sample may therefore be probing such objects in the
higher z Universe in as yet undetected clusters at both
ends of the power distribution.
4. IMPLICATIONS AND CONCLUSIONS
We present 56 diffuse radio sources in ∼ 4 deg2 of
the ATLAS-CDFS field, including 45 BT radio galax-
ies and a radio relic candidate. Ten sources could not
be unambiguously classified mostly due to a complex,
multi-component presentation. Three of the ambiguous
sources may be radio halos surrounded by other objects.
Of the sources detected, two are at a redshift of ∼ 2
and are thus extremely powerful sources in the distant
Universe. These represent the most distant BTs ever de-
tected. Additionally, two sources appear associated with
known clusters including the BT (ID 11) found in Abell
3141 and a relic candidate (ID 53) between a cluster and
a group. The relic, if confirmed, will be the least power-
ful example yet seen. Based on extrapolating from these
results, future all sky 1.4 GHz continuum surveys, com-
parable to the ATLAS survey in terms of resolution and
sensitivity such as EMU (Norris et al. 2011), will detect
up to ∼ 560,000 extended low-surface-brightness radio
sources, including up to about 440,000 BT radio galax-
ies. This sample will span rest frame powers in the range
1022 ≤ P1.4 GHz ≤ 1026 WHz−1, linear extents over two
orders of magnitude and redshifts up to 2. Such exten-
sive samples of tailed radio sources will significantly ex-
pand our knowledge of the origins and evolution of BTs
and the mutual correlation between these sources and
the environment in which they reside. By using these as
tracers of overdensities, this means that EMU will de-
tect up to ∼ 560,000 clusters or groups, which is more
than ten times the number of clusters currently known,
and comparable or exceeding the number to be detected
with eROSITA (Merloni et al. 2012). Assuming the same
clusters are detected by both eROSITA and EMU, this
will result in a massive increase in the knowledge of the
multiwavelength properties of clusters.
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